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A B S T R A C T
We present electrical conductivity measurements and modeling aspects of carbon nanotube (CNT)/polymercomposites enabled via fused filament fabrication (FFF) additive manufacturing (AM). CNT/polylactic acid(PLA) and CNT/high density polyethylene (HDPE) filament feedstocks were synthesized through melt blendingwith controlled CNT loading to realize 3D printed polymer nanocomposites. Electrical conductivity of 3Dprinted CNT/PLA and CNT/HDPE composites was measured for various CNT loadings. Low percolationthresholds were obtained from measured data as 0.23 vol. % and 0.18 vol. % of CNTs for CNT/PLA andCNT/HDPE nanocomposites, respectively. Moreover, a micromechanics-based two-parameter agglomerationmodel was developed to predict the electrical conductivity of CNT/polymer composites. We further show thatthe two agglomeration parameters can also be used to describe segregated structures, wherein nanofillersare constrained to certain locations within the matrix. To the best of our knowledge, this is the first everelectrical conductivity model to account for segregation of CNTs in the matrix. A good agreement betweenmeasured conductivity and predictions demonstrates the adequacy of the proposed model. We further evincethe robustness of the model by accurately capturing the conductivity measurements reported in the literaturefor both elastomeric and thermoplastic nanocomposites. The findings of the study would provide guidelinesfor the design of electro-conductive polymer nanocomposites.
1. Introduction
Multifunctional materials have been obtained by the addition ofnanoparticles into a pristine polymer matrix. Since their populariza-tion by Iijima [1], carbon nanotubes (CNTs) have been widely usedto develop multifunctional polymer composites due to their excep-tional electrical, thermal and mechanical properties [2–4]. Electro-conductive polymer nanocomposites (PNCs) have been widely usedfor applications such as interference shielding [5,6], anti-static perfor-mance [7], flexible electronics [8,9], damage identification [10], andstrain sensing [11,12].Electrical conduction in PNCs is achieved via inter-aggregate con-duction, field emission and tunneling of electrons [13]. The conductionmechanism can be defined on the basis of filler distribution namelytheir separation (above or below the tunneling cutoff) or contact (con-ducting network) [13,14]. Electrical conduction is possible either dueto inter-particle contact or electrons being able to jump from one CNTto the other through a thin polymer layer (tunneling effect). In this way,CNTs form a continuous conductive network, i.e., a percolated network.The formation of a percolated network is possible above a criticalCNT concentration, i.e., the percolation threshold [14]. Electrons move
∗ Corresponding author.E-mail address: s.kumar@eng.oxon.org (S. Kumar).
from one end to the other of a percolated network under an appliedelectrical field, leading to an increase in the electrical conductivityof several orders of magnitude. Since CNTs need to be close to eachother to be part of the percolated network, dispersion quality is animportant parameter. In contrast, agglomeration of CNTs makes it moredifficult for CNTs to form a network that spans the entire domainof the nanocomposite [2]. However, a non-homogeneous distributionof CNTs can actually result in higher electrical conductivity at lowerloadings by the CNTs forming a segregated structure [15]. In a segre-gated structure, nanofillers are constrained at certain locations insidethe polymer matrix. This results in regions where, locally, there is ahigher concentration of CNTs compared to the overall content insidethe polymer. Then, the percolation threshold is reduced as the CNTsare closer to each other in these regions of high CNT concentration,attributing to the formation of a conductive nanocomposite at lowerCNT loading [15,16].There are several ways to fabricate electrically conductive PNCssuch as melt blending, solvent casting, and in-situ polymerization [17].Recently additive manufacturing, also known as three-dimensionalprinting (3DP), has been widely adopted for the fabrication of PNCs.
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3DP is rapidly advancing towards new materials and applications owingto its technological flexibility and unique features compared to conven-tional manufacturing techniques [18–20]. Among all 3DP technologies,fused filament fabrication (FFF) is attaining more appreciation becauseof low processing and machinery cost, operational simplicity withhigh reliability, material selection flexibility, among others [21–25].Furthermore, as the interest for developing PNCs with multifunctionalattributes is gaining industrial importance, computational models thataid in their design are also becoming important.Different computational models have been developed for predict-ing and analyzing the electro-conductive characteristics of CNT-basedPNCs [26–28]. Many models reported thus far assumed homogeneousdistribution of CNTs within the matrix [26,28–31]. A few other studiesconsidered the effects of CNT agglomeration [32,33]. Nevertheless,these agglomeration models cannot capture the electrical conductivityof PNCs that exhibit segregated filler dispersions. Our 3D printedPNCs show segregated dispersion of CNTs. Therefore, an electricalconductivity model for PNCs that captures the segregation of CNTis indispensable. This, further justifies the need for of an electricalconductivity model for PNCs which accounts for segregation and ag-glomeration. Indeed, the closest models to consider segregation are theworks of Mora et al. [34] and Park et al. [35]. On one hand, Mora et al.[34] presented a computational model for the electrical conductivity ofpolymers loaded with hybrid particles that consist of CNTs grown ongraphene nanoplatelets [36]. Although, the network of hybrid particlesforms a segregated structure, the hybrid particles themselves are ho-mogeneously distributed. On the other hand, Park et al. [35] presenteda computational model for CNT/silica/polymer composites. In theirwork, it was the addition of micron-sized silica particles that causedsegregation of CNTs. Other approaches to model electrical conductivityof segregated structures in CNT-based PNCs have not been reported.Thus, in this work we prepared CNT/polylactic acid (PLA) andCNT/high-density polyethylene (HDPE) PNCs via FFF with varying CNTcontents utilizing in-house nano-engineered filament feedstocks. Themorphology of the fabricated PNCs was studied via scanning electronmicroscopy (SEM) and electrical conductivities at different CNTs con-tents were measured. A micromechanics-based electrical conductivitymodel was developed to study the PNCs herein fabricated. We useda two-parameter agglomeration model and showed that it can also beused for segregated structures. Measurements obtained for CNT/PLAand CNT/HDPE nanocomposites as well as for other nanocompositesreported in the literature were reproduced with our agglomeration andsegregation model. The rest of the article is organized as follows. InSection 2 we present the experimental details for the preparation andmeasurement of electrical conductivity of CNT/PLA and CNT/HDPEnanocomposites. Then, in Section 3 we describe the electrical conduc-tivity model for agglomeration and segregation. In Section 4 we presentour results on CNT characterization, electrical conductivity measure-ments and results from our model for agglomeration and segregation.Finally, we present our conclusions in the last section.
2. Materials and experimental methods
2.1. Materials
PLA grade IngeTM 3D850 developed by NatureWorks having a meltflow index of 9 g/10 min (230 ◦C/2.16 kg) and HDPE with a meltflow index of 1.3 g/10 min (190 ◦C/5 kg) supplied by Borouge PteLtd, were used as polymer matrices for the fabrication of filamentfeedstocks. From differential scanning calorimetry (DSC) analysis (seeFigure SI.1), the melting and glass transition temperatures of PLA wereobserved to be 172 ◦C and 70 ◦C, respectively, while the melting andcrystalline temperatures of HDPE were observed to be 134 ◦C and109 ◦C, respectively. DSC results also confirmed the amorphous natureof PLA and semi-crystalline nature of HDPE with crystallinity ∼ 45 %.Multi-walled carbon nanotubes (referred to simply as CNTs in the restof the article) were supplied by Applied Nanostructured Solution, LLC.
2.2. Development of CNT/PLA and CNT/HDPE nanocomposite filamentsfor FFF 3D printing
CNT/PLA and CNT/HDPE nanocomposite filaments were preparedvia melt mixing process using co-rotating Coperion ZSK 18 (Germany)twin-screw extruder (TSE) having a screw of diameter D = 18 mm andL/D = 40, where L is the screw length. The temperature in the 1st, 3rd,5th, 7th, 9th zone and die was kept as 160, 180, 190, 210, and 220 ◦C,respectively with a screw speed of 200 rpm. Here, the 1st and 2nd zonescorrespond to the feed zone of the 3D printer; the 3rd, 4th, 5th and 6thzones correspond to the melting zone; and the 7th, 8th and 9th zonescorrespond to the melt processing zone. Before compounding, polymer(PLA and HDPE) and CNTs were vacuum dried at 60 ◦C and 100 ◦Crespectively for 24 h. Subsequently, PLA/CNT and HDPE/CNT weremixed manually with the help of a solvent (acetone) for better mixingbefore being fed into the extruder. The CNT/polymer composites wereextruded using a circular die of 1.80 mm diameter and, to maintain aconsistency of filament diameter (of 1.74 mm), speed roller was used.CNT/PLA composites were prepared by mixing varying amounts of CNTcontent and designated as PLA-0, PLA-0.25, PLA-0.5, PLA-1, PLA-2 andPLA-4. Likewise, CNT/HDPE composites were designated as HDPE-0,HDPE-0.25, HDPE-0.5, HDPE-1, HDPE-2, HDPE-4 and HDPE-6. Here,the numeric term (i.e., 0, 0.25, 0.5, 1, 2, 4 and 6) stands for actualloading level of CNT in percentage of weight fraction.
2.3. Additive manufacturing of nanocomposites using FFF technique
3D printing of samples utilizing in-house developed filaments wascarried out using Creator Pro Flash Forge 3D printer and Simplify3Dslicing software. CAD files were prepared using Solidworks and trans-ferred to a 3D compatible STL file. The laboratory-made filament wasfed into a 0.4 mm diameter nozzle by a feeding pressure mechanismvia a driver motor and a counter-rotating set of grooved gears. Processparameters such as nozzle tip temperature (220 ◦C for PLA and 250 ◦Cfor HDPE), bed temperature (65 ◦C for PLA and 120 ◦C for HDPE),layer height (0.2 mm), infill density (100%), extrusion width (0.4 mm),nozzle movement speed (2700 mm/min for PLA and 900 mm/min forHDPE), first layer (300 mm/min), layer height (0.18 mm), extrusionwidth (0.48 mm), infill pattern (rectilinear) were kept constant for allthe specimens.
2.4. Characterization
Scanning electron microscopy (Nova Nano SEM 50 series, operatedat 10 kV) technique was used to examine the surface morphology anddispersion state of CNTs in the polymer matrix. Raman spectroscopy(Witech Alpha 300RAS Raman spectrometer with wave length 532 nm)and X-ray diffraction (PANalytical instrument X’pert PRO Netherlands,using Ni filtered Cu-K𝛼 radiation) were used to evaluate the structureof CNTs. The purity of CNTs was quantified using thermogravimetricanalysis (TGA) in oxygen atmosphere (flow rate 10 ml/min) using TAinstrument Q-50. The DC electrical conductivity of the CNT/polymernanocomposite samples was measured using four probe van der Pauwmethod. For this test, square samples of size 10 mm × 10 mm with2 mm thickness were fabricated by 3D printing. Silver paste wasapplied on the four corners of the samples to facilitate electrical contactbetween the electrodes and the sample.
3. Electrical conductivity model for agglomeration and segrega-tion of cnts
In this section we first present a micromechanics-based model forpredicting electrical conductivity of CNTs homogeneously distributedinto a matrix. Then, we introduce the two-parameter model for ag-glomeration. We present a new perspective on the two agglomerationparameters and show that they can be used to represent segregation.
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Fig. 1. (a) A CNT and its surrounding interphase, (b) equivalent filler shown in localcoordinates, (c) equivalent filler shown in global coordinates, and (d) equivalent fillersthat are randomly distributed in a polymer matrix.
In that way, a wider range of microstructures may be representedusing those two parameters. Then, in Section 3.3, we incorporate thetwo parameters for agglomeration and segregation into the electricalconductivity model.
3.1. Homogeneously dispersed CNTs
Here, CNTs are initially considered to be straight and randomlydistributed in a polymer matrix as shown in Fig. 1. Due to tunnelingand hopping of electrons, CNTs do not have to be in physical contactin order for electrons to flow from one CNT to the other. Separationsin the order of a few nanometers allow for electrons to tunnel from oneCNT to the other [37,38]. Thus, to include this behavior in the electricalmodel, CNTs are considered to be surrounded by an interphase layer ofthickness 𝑡 as illustrated in Fig. 1a. We observe that, for conduction tobe possible between two CNTs, their interphases must be overlappingor in contact. As a result, the thickness of the interphase is limited bythe cutoff distance for tunneling, 𝑑𝑐 , as [30]:
𝑡 = 1
2
𝑑𝑐 . (1)
The interphase surrounding the CNTs has a conductivity givenby [32]:
𝜎𝑖𝑛𝑡 =
𝑑𝑐
𝐴𝑇𝑅𝐽 (𝑑𝑐 )
, (2)
where 𝐴𝑇 is the area for tunneling, and 𝑅𝐽 is the junction resistancewhich is given by [31,39]:
𝑅𝐽 =
ℎ2𝑑𝑎
𝐴𝑇 𝑒2
√
2𝑚𝜆
exp
(4𝜋𝑑𝑎
ℎ
√
2𝑚𝜆
)
, (3)
where ℎ is Planck’s constant (6.62606957 × 10−34 kg m2/s), 𝑑𝑎 is theaverage separation between CNTs (in the order of a few nm), 𝜆 is theheight of the barrier (in the order of a few eV), 𝑒 and 𝑚 are the charge(1.602176565×10−19 C) and mass of an electron (9.10938291×10−31 kg),
respectively. The average separation between CNTs is approximatedby [30]:
𝑑𝑎 =
(
𝜙𝑐
𝜙
)1∕3
𝑑𝑐 , (4)
where 𝜙 and 𝜙𝑐 are the CNT volume fraction and percolation threshold,respectively.The CNT and its surrounding interphase are considered to be anequivalent filler dispersed in the polymer matrix, as shown in theschematic of Fig. 1. The electrical conductivity of this equivalent filleris given by:
𝜎𝑒𝑞 =
⎡⎢⎢⎢⎣
𝜎𝐿𝑒𝑞 0 0
0 𝜎𝑇𝑒𝑞 0
0 0 𝜎𝑇𝑒𝑞
⎤⎥⎥⎥⎦ , (5)where 𝜎𝐿𝑒𝑞 and 𝜎𝑇𝑒𝑞 are the longitudinal and transverse electrical con-ductivities of the equivalent filler. Note that 𝜎𝑒𝑞 is given in the localcoordinates of the CNT (Fig. 1b). The conductivities of the equivalentfiller are calculated from [29,32]:
𝜎𝐿𝑒𝑞 =
(
𝑙𝐶𝑁𝑇 + 2𝑡
) [
𝑟2𝐶𝑁𝑇 𝜎
𝐿
𝐶𝑁𝑇 +
(
2𝑟𝐶𝑁𝑇 𝑡 + 𝑡2
)
𝜎𝑖𝑛𝑡
]
𝜎𝑖𝑛𝑡
2𝑟2𝐶𝑁𝑇 𝑡𝜎
𝐿
𝐶𝑁𝑇 + 2𝑡
(
2𝑟𝐶𝑁𝑇 𝑡 + 𝑡2
)
𝜎𝑖𝑛𝑡 + 𝑙𝐶𝑁𝑇
(
𝑟𝐶𝑁𝑇 + 𝑡
)2 𝜎𝑖𝑛𝑡 , (6)
𝜎𝑇𝑒𝑞 =
𝜎𝑖𝑛𝑡
𝑙𝐶𝑁𝑇 + 2𝑡
[
𝑙𝐶𝑁𝑇
2𝑟2𝐶𝑁𝑇 𝜎
𝑇
𝐶𝑁𝑇 +
(
𝜎𝑇𝐶𝑁𝑇 + 𝜎𝑖𝑛𝑡
) (
2𝑟𝐶𝑁𝑇 𝑡 + 𝑡2
)
2𝑟2𝐶𝑁𝑇 𝜎𝑖𝑛𝑡 +
(
𝜎𝑇𝐶𝑁𝑇 + 𝜎𝑖𝑛𝑡
) (
2𝑟𝐶𝑁𝑇 𝑡 + 𝑡2
) + 2𝑡] ,
(7)
where 𝑙𝐶𝑁𝑇 , 𝑟𝐶𝑁𝑇 , 𝜎𝐿𝐶𝑁𝑇 , and 𝜎𝑇𝐶𝑁𝑇 are the CNT length, radius, longi-tudinal and transverse electrical conductivities, respectively.Since now the matrix is considered to be loaded with an equivalentfiller, its volume fraction needs to be calculated. By considering itsvolume, the volume fraction of the equivalent filler in the compositeis:
𝜙𝑒𝑞 =
(
𝑟𝐶𝑁𝑇 + 𝑡
)2 (𝑙𝐶𝑁𝑇 + 2𝑡)
𝑟2𝐶𝑁𝑇 𝑙𝐶𝑁𝑇
𝜙, (8)
where 𝜙𝑒𝑞 is the volume fraction of the equivalent nanofiller. Since
𝑙𝐶𝑁𝑇 is typically in the order of microns and 𝑡 is in the order of a fewnanometers, then 𝑙𝐶𝑁𝑇 ≫ 𝑡 and 𝑙𝐶𝑁𝑇 + 2𝑡 ≈ 𝑙𝐶𝑁𝑇 . Thus, in our modelwe use the approximation:
𝜙𝑒𝑞 =
(
1 + 𝑡
𝑟𝐶𝑁𝑇
)2
𝜙. (9)
Following the Mori–Tanaka homogenization scheme [30,32], theelectrical conductivity of the equivalent nanofillers is averaged alongall possible orientations. In addition, not all CNTs take part of thepercolated network. Below the percolation threshold, 𝜙𝑐 , electricalconductivity is possible mainly through electron hopping as there is nopercolated network. Above 𝜙𝑐 , electrical conductivity of the compositeis mainly possible through the conductive network. Thus, contributionsof both electron hopping and conductive networks are considered.Then, the effective conductivity of the composite is given by:
𝜎𝑒𝑓𝑓 = 𝜎𝑀 + (1 − 𝜂) 𝜎𝐸𝐻 + 𝜂𝜎𝐶𝑁 (10)where 𝜎𝑀 is the conductivity of the matrix, 𝜎𝐸𝐻 is the contributiondue to electron hopping, 𝜎𝐶𝑁 is the contribution due to conductivenetworks, and 𝜂 is the fraction of CNTs that participate in the percolatednetwork.To calculate the fraction of percolated CNTs, we use the simulationresults presented by Mora et al. [26], where they present a seconddegree polynomial to approximate 𝜂. However, their approximation hasthe limitation that 𝜂 starts decreasing after reaching a maximum valueas the CNT content is increased. For simplicity, here we present anexponential function to fit their simulations and approximate 𝜂 as:
𝜂 =
{
0; 0 ≤ 𝜙 < 𝜙𝑐
𝑎 exp
(
𝑏𝜙𝑟𝑒𝑑
)
+ 1; 𝜙𝑐 ≤ 𝜙 ≤ 1, (11)
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Fig. 2. Approximation of the fraction of percolated CNTs, 𝜂, compared with thesimulation results obtained by Mora et al. [26] for CNTs with aspect ratio, 𝐴𝑅, of100, 500, and 1000.
where 𝜙𝑟𝑒𝑑 = 𝜙∕𝜙𝑐 − 1 is the reduced volume fraction and the fittingparameters are 𝑎 = −0.9431 and 𝑏 = −0.4477. The independent termin Eq. (11) is set to 1 as this is the maximum value that 𝜂 may have(i.e., when all CNTs participate in the percolated network). In Fig. 2we compare the exponential fit with the simulation results obtainedby Mora et al. [26], where good agreement is obtained. Thus, Eq. (11)is used in our model.The expressions for 𝜎𝐸𝐻 and 𝜎𝐶𝑁 in Eq. (10) are given by
𝜎𝑋 =
∫ 2𝜋0 ∫ 𝜋0 𝑝 (𝜑,𝜓) (𝑄𝑇 𝜎𝑒𝑞𝑄 − 𝜎𝑀)𝐴𝑋 sin (𝜑) 𝑑𝜑𝑑𝜓
∫ 2𝜋0 ∫ 𝜋0 𝑝 (𝜑,𝜓) sin (𝜑) 𝑑𝜑𝑑𝜓
(12)
where the subscript 𝑋 stands for either 𝐸𝐻 or 𝐶𝑁 , 𝑝 (𝜑,𝜓) is a distribu-tion function of the CNT orientation with 𝜑 and 𝜓 defined as in Fig. 1,
𝑄 is a rotation tensor, and 𝐴𝑋 is the electric field concentration tensorfor electron hopping (𝑋 = 𝐸𝐻) or conductive networks (𝑋 = 𝐶𝑁). Forthe case of homogeneous distribution of CNTs we have that 𝑝 (𝜑,𝜓) = 1.Tensors 𝑄 and 𝐴𝑋 are given in Eqs. (13) and (14), respectively.
𝑄 =
⎡⎢⎢⎣
cos𝜓 sin𝜑 sin𝜓 sin𝜑 cos𝜑
− sin𝜓 cos𝜓 0
− cos𝜓 cos𝜑 − sin𝜓 cos𝜑 sin𝜑
⎤⎥⎥⎦ (13)
𝐴𝑋 = 𝑄𝑇 𝑇𝑋𝑄
[(
1 − 𝜙𝑒𝑞
)
𝐼 + 𝜙𝑒𝑞
∫ 2𝜋0 ∫ 𝜋0 𝑄𝑇 𝑇𝑋𝑄 sin (𝜑) 𝑑𝜑𝑑𝜓
∫ 2𝜋0 ∫ 𝜋0 𝑝 (𝜑,𝜓) sin (𝜑) 𝑑𝜑𝑑𝜓
]−1 (14)
In Eq. (14), 𝐼 is the identity tensor and 𝑇𝑋 is given by:
𝑇𝑋 =
[
𝐼 + 𝑆
(
𝜎𝑀
)−1 (𝜎𝑒𝑞 − 𝜎𝑀)]−1 , (15)
where 𝑆 is the Eshelby tensor, which has a diagonal form, i.e., 𝑆𝑖𝑗 = 0for 𝑖 ≠ 𝑗 and
𝑆11 = 1 − 2𝑆22, (16)
𝑆22 = 𝑆33 =
𝜇
2
(
𝜇2 − 1
)3∕2 [𝜇 (𝜇2 − 1)1∕2 − cosh−1 𝜇] , (17)
where 𝜇 is the aspect ratio of the CNT. Aspect ratios of CNTs aretypically above 100 [40], in which case (𝜇2 − 1)1∕2 ≈ 𝜇. We foundthat when 𝜇 > 10, substituting (𝜇2 − 1)1∕2 by 𝜇 resulted in a differencebelow 1%. Thus, using the logarithmic equivalent of cosh−1, we makethe following approximation:
𝑆22 = 𝑆33
Fig. 3. 2D schematic representation of a CNT/polymer nanocomposite with agglom-eration. Blue circles represent bundles (volumes that encapsulate CNT agglomerations)while CNTs are represented as red lines. CNTs are homogeneously distributed outsidethe bundles in the dispersed matrix (white region).
=
⎧⎪⎪⎨⎪⎪⎩
𝜇
2
(
𝜇2 − 1
)3∕2 [𝜇 (𝜇2 − 1)1∕2 − ln(𝜇 + (𝜇2 − 1)1∕2)] , 𝜇 ≤ 10
1
2
− ln (2𝜇)
2𝜇2
, 𝜇 > 10.
(18)
Finally, for 𝐴𝐸𝐻 , 𝜇 in the Eshelby tensor is that of the CNT,i.e., 𝜇 = 𝑙𝐶𝑁𝑇 ∕ (2𝑟𝐶𝑁𝑇 ). For 𝐴𝐶𝑁 , 𝜇 in the Eshelby tensor is obtainedconsidering the limit as 𝑙𝐶𝑁𝑇 →∞ [30,32].
3.2. Two-parameter model for agglomeration and segregation
To include agglomeration, we follow a two-parameter model orig-inally proposed by Shi et al. [41] for the elastic properties of CNTcomposites. They defined two agglomeration parameters:
𝜒 =
𝑉𝑏
𝑉
, (19)
𝜁 =
𝑉 𝑏𝑟
𝑉𝑟
, (20)
where 𝑉𝑏 is the total volume of the regions that encapsulate CNTagglomerations which we will call ‘‘bundles’’, 𝑉 is the volume of thenanocomposite, 𝑉𝑟 is the total volume of CNTs inside the nanocom-posite, and 𝑉 𝑏𝑟 is the volume of CNTs inside the bundles. Parameter 𝜒represents the volume fraction of bundles in the nanocomposite, whichare indicated with blue circles in the 2D schematic of Fig. 3. On theother hand, parameter 𝜁 represents the fraction of CNTs located insidethe bundles.In the original two-parameter agglomeration model by Shi et al.[41], as well as in other works [42–45], similar descriptions of 𝜒 and 𝜁have been given. It has been stated that whenever 𝜒 = 1 or 𝜒 = 𝜁 resultsin a homogeneous distribution of the CNTs. However, we observe that
𝜒 = 1 resulting in a homogeneous distribution in the composite impliesCNTs actually have a homogeneous distribution inside bundles. This isbecause 𝜒 = 1 means all the volume of the nanocomposite consists ofbundles. Then, in order to have a homogeneous distribution overall inthe composite, the bundles must also have a homogeneous distribution.Also note that 𝜒 = 1 requires 𝜁 = 1 as the only possible value asthere cannot be CNTs outside the bundles if the whole nanocompositeis made up of bundles. Similarly, when 𝜒 = 𝜁 , the ratio of volume forbundles and nanocomposite volume is the same as the ratio of CNTsinside bundles and outside of them. This results in having the sameCNT concentration both inside and outside the bundles. Then, for this to
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result in an overall homogeneous distribution of CNTs in the composite,CNTs inside the bundles must have a homogeneous distribution. Fromour perspective, a homogeneous distribution of CNTs inside bundlesdoes not represent agglomeration accurately.Another common observation of this two-parameter model is that
𝜁 > 𝜒 represents an agglomerated state. The larger the value of 𝜁 themore severe the agglomeration [32,41,46]. However, to the knowledgeof the authors, the case when 𝜁 < 𝜒 has not been explored. Here weobserve that when 𝜁 < 𝜒 , there are some regions of the matrix (thebundles) that contain low amounts of CNTs. As a consequence, the restof the matrix contains the majority of CNTs in the composite. The largerthe value of 𝜒 , the larger the size of the regions with low content ofCNTs. This is characteristic of a segregated structure. Then, it is clearthat the two parameters for agglomeration, 𝜁 and 𝜒 , can also be usedto describe segregation when 𝜁 < 𝜒 .Thus, given the observations presented in the previous paragraphs,here we add a new perspective for the two parameters 𝜁 and 𝜒 andpresent a two-parameter model for agglomeration and segregation.First, we assume the CNTs inside the bundles are entangled and nothomogeneously distributed as implied by the original model. Fig. 3illustrates the new assumption, where CNTs are entangled inside thebundles. This new assumption results in having no electrical percolationinside the bundles. On the other hand, outside the bundles in whatwe will refer to as the ‘‘dispersed matrix’’, CNTs are assumed to behomogeneously dispersed. It is only in the dispersed matrix that theremay be percolation.It should be noted that the Eshelby–Mori–Tanaka theory is basedon the assumption that the inclusions are homogeneous and, there-fore, it may not be an ideal choice for modeling composites withnon-homogeneous inclusions, as in this study. To overcome this in-consistency, a few studies employed a double-inclusion approach [47,48], to capture mechanical characteristics of composites with non-homogeneous inclusions. In principle, the double-inclusion approachseems more suitable to model nanocomposites comprising bundles(inclusions with an inner inclusion consisting of the entangled CNTs).Such an approach would adequately describe the bundles surroundedby interphases, facilitating modeling of segregated clusters as highlyloaded inclusions surrounded by lowly loaded interphases. Neverthe-less, due to its simplicity and its robustness in capturing measured elec-trical response (see Section 4.2) we consider the Eshelby–Mori–Tanakaapproach as a first approximation in this study.Given the new assumptions, the domain for all possible (𝜁 , 𝜒) pairsis shown in Fig. 4. In principle, both 𝜁 and 𝜒 fall in the range [0, 1].However, considering physical constraints these two parameters cannottake all possible values within that range, e.g., 𝜒 = 1 requires 𝜁 = 1 asobserved earlier. First, the minimum possible value for 𝑉𝑏 is 𝑉 𝑏𝑟 as thebundles must at least contain the CNTs inside them, i.e., 𝜒 ≥ 𝑉 𝑏𝑟 ∕𝑉 . Bysubstituting Eq. (20) into this expression we obtain the following lowerlimit for 𝜒 :
𝜒 ≥ 𝜙𝜁. (21)
Second, the volume of the dispersed matrix is 𝑉 − 𝑉𝑏 = (1 − 𝜒)𝑉 . Thisvolume must be at least equal to the volume of CNTs in the dispersedmatrix, which is given by 𝑉𝑟 − 𝑉 𝑏𝑟 . Thus, (1 − 𝜒)𝑉 ≥ 𝑉𝑟 − 𝑉 𝑏𝑟 and byusing Eq. (20) we obtain the following upper limit for 𝜒 :
𝜒 ≤ 1 + 𝜙 (𝜁 − 1) . (22)
The set of (𝜁, 𝜒) pairs that fall outside the limits imposed by Eqs. (21)and (22) are indicated in Fig. 4 with dark blue shading. Any (𝜁, 𝜒) pairwithin the shaded areas in dark blue has no physical meaning.Fig. 4 also shows four limiting cases of the microstructure in thecomposite. It is observed that the case for homogeneous distribution isreduced to the case when 𝜁 = 0 and 𝜒 = 0. We consider that reducinghomogeneous distribution to a single point instead of the lines 𝜁 = 𝜒and 𝜒 = 1 contributes to widening the range of microstructures thatmay be represented with this two-parameter model. In Fig. 4 a limiting
Fig. 4. Domain for agglomeration and segregation parameters 𝜁 and 𝜒 . Four limitingcases of the microstructure are observed: homogeneous distribution of CNTs (𝜁 = 0,
𝜒 = 0), segregation (𝜁 = 0, 𝜒 = 1 − 𝜙), agglomeration (𝜁 = 1, 𝜒 = 1), homogeneousdistribution of agglomerations and CNTs. Non-meaningful part of the domain is shadedin dark blue. The part of the domain with no percolation in the dispersed matrix isshaded in light blue.
case of segregation is observed when 𝜁 = 0 and 𝜒 = 1 − 𝜙. In thatfigure, dashed blue lines represent bundles boundaries. It is observedthat pairs such that 𝜒 > 𝜁 tend to be a segregated structure. A limitingcase of agglomeration is observed when 𝜁 = 1 and 𝜒 = 1. Here,there are clusters of entangled CNTs homogeneously distributed insidethe matrix. There is also an example of a homogeneous distributionof CNTs and agglomerations at the intersection of lines 𝜒 = 𝜙𝜁 and
𝜒 = 1 +
(
𝜙∕𝜙𝑐
)
(𝜁 − 1). For that limiting case, the volume of bundlesconsists only of CNTs without polymer and, thus, agglomerations arerepresented as filled circles. The limiting factors that result in the line
𝜒 = 1 +
(
𝜙∕𝜙𝑐
)
(𝜁 − 1) are explained in the next subsection.It is observed that in this work we present the first full description ofthe domain for the agglomeration parameters 𝜁 and 𝜒 . Fig. 4 illustratesthe wide range of microstructures that can be represented with thesetwo parameters given our newly added perspective, which makes itpossible to include agglomeration and segregation.
3.3. Electrical conductivity considering agglomeration and segregation
To calculate the electrical conductivity of CNT-based PNCs using thetwo-parameter agglomeration and segregation model we follow a twostep process:
• Calculate the electrical conductivity inside bundles, 𝜎𝑏𝑒𝑓𝑓 , andinside the dispersed matrix, 𝜎𝑑𝑒𝑓𝑓 .
• Calculate the electrical conductivity of the composite that consistsof a matrix with electrical conductivity 𝜎𝑑𝑒𝑓𝑓 containing inclusionswith electrical conductivity 𝜎𝑏𝑒𝑓𝑓 .
For the first step, the electrical conductivity inside the bundles, 𝜎𝑏𝑒𝑓𝑓 ,is obtained only considering the contribution from electron hopping.This is because we are now assuming there is no percolation insidethe bundles. Thus, the electrical conductivity inside the bundles iscalculated as:
𝜎𝑏𝑒𝑓𝑓 = 𝜎𝑀 + 𝜎
𝑏
𝐸𝐻 . (23)
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However, the CNT content is updated as, instead of 𝜙, the volumefraction of CNTs inside the bundles is given by [41]:
𝜙𝑏 =
𝜁
𝜒
𝜙. (24)
For the dispersed matrix, since there are contributions from bothelectron hopping and conductive networks, its conductivity is calcu-lated as:
𝜎𝑑𝑒𝑓𝑓 = 𝜎𝑀 +
(
1 − 𝜂
(
𝜙𝑑
))
𝜎𝑑𝐸𝐻 + 𝜂
(
𝜙𝑑
)
𝜎𝑑𝐶𝑁 , (25)where 𝜙𝑑 is the CNT content in the dispersed matrix and is calculatedas [41]:
𝜙𝑑 =
1 − 𝜁
1 − 𝜒
𝜙. (26)
For the second step, the conductivity of the composite with ag-glomeration (or segregation) is obtained by considering the bundlesto be ellipsoidal inclusions with conductivity 𝜎𝑏𝑒𝑓𝑓 distributed in amatrix with conductivity 𝜎𝑑𝑒𝑓𝑓 . Given the new definition of the bundlescontaining entangled CNTs, the ellipsoidal inclusions do not form a per-colated network. Thus, the conductivity of the composite is calculatedas:
𝜎𝑒𝑓𝑓 = 𝜎𝑑𝑒𝑓𝑓 + 𝜎𝐸𝐻 , (27)where
𝜎𝐸𝐻 =
∫ 2𝜋0 ∫ 𝜋0 𝑝 (𝜑,𝜓)
(
𝑄𝑇 𝜎𝑏𝑒𝑓𝑓𝑄 − 𝜎
𝑑
𝑒𝑓𝑓
)
𝐴𝑏𝐸𝐻 sin (𝜑) 𝑑𝜑𝑑𝜓
∫ 2𝜋0 ∫ 𝜋0 𝑝 (𝜑,𝜓) sin (𝜑) 𝑑𝜑𝑑𝜓
. (28)
Here, the content of fillers, i.e., bundles, is equal to 𝜒 . To calculatethe Eshelby tensor as part of obtaining 𝐴𝑏𝐸𝐻 in Eq. (28), we use thefollowing expressions for the 𝑆22 component:
𝑆22 =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
𝜇𝑒
2
(
1 − 𝜇2𝑒
)3∕2 [cos−1 𝜇𝑒 − 𝜇𝑒 (1 − 𝜇2𝑒)1∕2] , 𝜇𝑒 < 1
𝜇𝑒
2
(
𝜇2𝑒 − 1
)3∕2
×
[
𝜇𝑒
(
𝜇2𝑒 − 1
)1∕2 − ln(𝜇𝑒 + (𝜇2𝑒 − 1)1∕2)] , 1 < 𝜇𝑒 ≤ 10
1
2
−
ln
(
2𝜇𝑒
)
2𝜇2𝑒
, 10 < 𝜇𝑒.
(29)
where 𝜇𝑒 is the aspect ratio of the ellipsoidal bundles, where twoof their axes are assumed to be equal [30,32]. 𝑆11 is computed asin Eq. (16).From Eqs. (24) and (26) it is clear that whenever 𝜒 = 0 or 𝜒 = 1results in division by zero. Thus, in our implementation of the model,these cases are treated separately. When 𝜒 = 0 (which requires 𝜁 = 0),there are no bundles so the electrical conductivity of the compositeis that of the dispersed matrix, i.e., 𝜎𝑒𝑓𝑓 = 𝜎𝑑𝑒𝑓𝑓 . When 𝜒 = 1(which requires 𝜁 = 1), there are only agglomerations and there is nopercolation. In this case the conductivity of the composite is that of thebundles, i.e., 𝜎𝑒𝑓𝑓 = 𝜎𝑏𝑒𝑓𝑓 .Finally, we note that if there is no percolation inside the dispersedmatrix, i.e., 𝜙𝑑 < 𝜙𝑐 , then there is no percolation in the composite.Thus, whenever this happens the electrical conductivity of the compos-ite is only due to electron hopping. In that case, the conductivity of thecomposite is calculated as 𝜎𝑒𝑓𝑓 = 𝜎𝑀 + 𝜎𝐸𝐻 . This will yield the sameresults independently of the values of 𝜁 and 𝜒 . Thus, the case when
𝜙𝑑 < 𝜙𝑐 defines a region of equal conductivity and using Eq. (26) weobtain the following limit:
𝜒 < 1 + 𝜙
𝜙𝑐
(𝜁 − 1) . (30)
The region limited by Eq. (30) is indicated in Fig. 4 with light blueshading. It is noted that, while parameters 𝜁 and 𝜒 may take valueswithin this region, the electrical conductivity is computed differentlyas mentioned previously.
4. Results and discussion
4.1. Characterization of CNTs
Surface characteristics of as received CNTs were analyzed based onSEM results, revealing that the CNTs are highly entangled and sharecommon walls, as shown in Fig. 5. The average length of the CNT is
> 30 μm and its average outer diameter is 10 nm, with aspect ratio ofindividual CNT > 3000 [11]. XRD patterns for CNTs shown in Fig. 6aexhibit a peak due to (002) plane at about 2𝜃 = 26◦ and is derivedfrom the ordered arrangement of the concentric cylinders of graphiticcarbon. The peaks around 2𝜃 = 43◦ are due to the (110) graphiticplanes plus small amounts of catalyst particles encapsulated inside thewalls of the CNTs. Raman spectra show the characteristic ‘‘D’’ and ‘‘G’’bands of CNTs (Fig. 6b). The D band is related to the sp3 state of carbonand can be used as a proof of disruption of the aromatic 𝜋-electrons (sp2hybridized) of CNTs, i.e., presence of defects. In contrast, the G bandis related to the graphitic structure (sp2 carbons). The intensity of theD band gives information about the amount of amorphous carbon anddefects present in the CNT. The defects in the CNTs are related withtheir crosslinking, wall sharing and branching characteristics. As SEMimages confirmed the CNTs are highly entangled. The higher intensityof the D band might be due to the higher entanglement density ofCNTs [5]. Fig. 6c shows the thermogravimetric (TG) and derivativethermogravimetric (DTG) traces of CNT. TG/DTG traces were recordedin oxygen atmosphere (flow rate 20 ml/min) for CNT. A heating rateof 20 ◦C/min and sample size of 10 ± 1 mg were used. Single stepdegradation was observed for CNTs. The onset temperature of CNT is
∼ 555 ◦C. The total mass loss up to 800 ◦C was ∼ 90 % with CNT due tooxidation or burn out of carbon nanotubes which was used indirectlyfor the determination of purity of CNT.Fig. 7 shows the SEM micrographs of CNT/HDPE and CNT/PLAnanocomposites at CNT loadings of 2 and 6 wt. %. The SEM scansuggests a uniform dispersion of CNTs in both matrices. A uniformdispersion of CNTs usually facilitates the formation of a percolatednetwork in polymer matrices. However, assessing the dispersion stateof CNTs in PNCs is limited by the area observed in SEM images [17].Thus, in the scanned areas of the PNC, a uniform dispersion might beobserved while in other areas agglomeration or even segregation mighttake place. This may be the case in our samples as, comparing Fig. 7awith Fig. 7c, it is observed that the CNT content is the same but moreCNTs are observed in the HDPE matrix.
4.2. Electrical conductivity of CNT/PLA and CNT/HDPE nanocomposites:measurements and predictions
Figs. 8a and 8b show the measured of DC conductivity of CNT/PLAand CNT/HDPE nanocomposites respectively as a function of CNTsvolume fraction (vol. %). In experiments, CNT content is typicallymeasured in weight fraction (see Section 2). However, to be consistentwith our model predictions, experimental results are also presented involume fraction. From the plots it is clear that the conductivity of thenanocomposites increases with CNT loading, as expected, and displaysa sharp rise with initial loading of CNTs. The sudden change in theconductivity values suggests the onset of percolation. In the presentstudy, the percolation threshold has been calculated by plotting theelectrical conductivity as a function of the percentage volume fractionof CNTs and performing data fitting with a power law function frompercolation theory [5,49,50]:
𝜎 = 𝜎0
(
𝜙 − 𝜙𝑐
)𝛽 ; 𝜙 > 𝜙𝑐 . (31)where 𝜎 and 𝜎0 are the electrical conductivity of conductive polymernanocomposite and intrinsic conductivity constant, respectively, and 𝛽is the critical exponent which is related to the dimensionality of theconductive network [14]. The linear regression data fitting results in
𝜙𝑐 = 0.23 vol. % and 𝛽 = 3.98 for CNT/PLA composites and 𝜙𝑐 =
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Fig. 5. SEM micrograph of neat as received CNTs showing wall sharing. Image on the right is a magnification of the squared region indicated in the image on the left.
Fig. 6. Characterization of CNTs. (a) XRD spectrum of CNT (b) Raman plot of CNT, and (c) TG/DTG traces of CNT in air atmosphere with heating rate 20 ◦C/min.
Fig. 7. SEM micrograph of CNT/HDPE nanocomposites at (a) 2 wt. % and (b) 4 wt. % and CNT/PLA nanocomposites at (c) 2 wt. % and (d) 4 wt. %. Arrows indicate the presenceof CNTs.
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Fig. 8. Electrical conductivity of 3D printed (a) PLA/CNT and (b) HDPE/CNT nanocomposites. Experimental results are shown with symbols while simulation results are shownin solid lines.
Table 1Parameters found to reproduce experimental data using our electrical conductivitymodel for segregation and agglomeration. The ‘(s)’ in the last two rows indicates thatthe composites were fabricated with CNT segregation.Polymer 𝜙ℎ𝑐 [vol. %] 𝜒 𝜁PLA 0.3239 0.4502 0.6132HDPE 0.2417 0.4463 0.7281UHMWPE 0.0174 0.4482 0.4378PDMS 0.0148 0.4487 0.4128TPU 0.0723 0.4431 0.5373HDPE (s) 0.0099 0.9024 0.6959TPU (s) 0.0050 0.4309 0.1707
0.18 vol. % and 𝛽 = 5.31 for CNT/HDPE composites. The lower 𝜙𝑐 forHDPE can be primarily attributed to its semi-crystalline nature. CNTshave been found to disperse in the amorphous phase of a polymer asthey are ejected form the crystalline phase [51,52]. Thus, CNTs tend toconcentrate in the amorphous phase, which is a fraction of the volumeof the whole matrix. Then it is easier for CNTs to form a percolatednetwork.In Fig. 8 we present simulation results from our agglomerationand segregation model for CNT/PLA and CNT/HDPE nanocompositesas solid lines. We observe from Fig. 8 that our model reproducesthe measurements well. We use commonly reported values for CNTcomposites for 𝑑𝑐 = 1.8 nm [26,37] and 𝜆 = 1.5 eV [16,32], whilewe took 𝜎𝑀 = 10−16 S/cm for PLA [53,54]. We used Matlab’s opti-mization function fmincon to find the CNT conductivity, percolationthreshold, and parameters 𝜒 and 𝜁 that best fit the measured data.We found one CNT conductivity for all CNT/polymer composites and apercolation threshold, 𝜒 and 𝜁 for each CNT/polymer composite. Thepercolation threshold is considered to be a fitting parameter as theone calculated from measured data using Eq. (31) includes the effectsof the agglomerated or segregated state of the composite. However,as the electrical conductivity model assumes homogeneous distribu-tion of CNTs, then we also require the percolation threshold for ahomogeneous distribution of CNTs. Thus, we also find the percolationthreshold for homogeneous distribution, 𝜙ℎ𝑐 . We found 𝜎𝐶𝑁𝑇 = 9.87S/cm while the rest of fitting parameters are presented in Table 1.From this table we observe that 𝜒 is very similar for both CNT/PLAand CNT/HDPE nanocomposites. Also, 𝜒 and 𝜁 do not differ much forboth cases which means there is a homogeneous distribution of CNTswith some agglomerations. Also, dispersion quality is similar as bundlestend to occupy the same volume and have similar content of CNTs.We also compared results from our electrical conductivity modelwith data reported in the literature for CNT-based PNCs with differentmatrices: ultra-high-molecular-weight-polyethylene (UHMWPE) [55],polydimethylsiloxane (PDMS) [11], thermoplastic polyurethane (TPU)[8,56], and HDPE [57]. In the aforementioned studies, Yuan et al. [56]
Fig. 9. Comparison of predicted values with measured values of electrical conduc-tivity of polymer nanocomposites reported in the literature: CNT/UHMWPE [55],CNT/PDMS [11], CNT/TPU [8], CNT/HDPE with segregation (s) [57], and CNT/TPUwith segregation (s) [56].
and Du et al. [57] fabricated CNT/polymer composites with CNT segre-gation. Thus, by comparing results from our model with measurementsof samples with CNT segregation, we can assess the capabilities of ourmodel. Results shown in Fig. 9, indicate a good agreement betweenmeasurements and predictions. To assess the goodness of the fit, wecalculated the root-mean-square deviation as 0.0228 which indeedindicates a good fit. Fitting parameters are also shown in Table 1. Inboth Fig. 9 and Table 1 an ‘(s)’ indicates the composites that werefabricated with CNT segregation. From the last two rows of Table 1, itis observed that 𝜒 > 𝜁 for the composites fabricated with segregation.Moreover, the differences in the values of the parameters indicatea large degree of segregation, compared to the rest of parametersshown in Table 1. This confirms that our model can accurately captureCNT segregation observed in experimental samples. For the rest ofcomposites taken from the literature, 𝜒 is similar for all cases. We alsoobserve that CNT/UHMWPE and CNT/PDMS are slightly segregated as
𝜒 > 𝜁 . However, as the difference between 𝜒 and 𝜁 is small, therewill be homogeneously distributed CNTs with some agglomerations asin the rest of the CNT/polymer composites. In addition, we note thatour model is able to capture the electro-conductive behavior of boththermoplastic (HDPE, PLA, UHMWPE) and elastomeric (PDMS, TPU)polymer nanocomposites loaded with CNTs. This shows the versatilityof our model in capturing the macroscopic electrical conductivity ofdifferent PNCs.
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Fig. 10. Sensitivity analysis of our electrical conductivity model for agglomeration and segregation. (a) Effect of parameters 𝜁 and 𝜒 . (b) Effect of CNT conductivity, 𝜎𝐶𝑁𝑇 . (c)Effect of aspect ratio of bundles, 𝜇𝑒. In (b) and (c) solid lines correspond to a segregated state (𝜁 = 0, 𝜒 = 0.75) and dashed lines correspond to an agglomerated state (𝜁 = 0.75,
𝜒 = 0.25). Other parameters used are 𝜆 = 0.5 eV, 𝜎𝐶𝑁𝑇 = 10 S/cm, 𝜎𝑀 = 10−13 S/cm, and 𝜇𝑒 = 5, unless otherwise stated.
4.3. Sensitivity analysis of agglomeration/segregation model
In this section, we perform a sensitivity analysis to study the re-sponse of our electrical conductivity model to changes in certain pa-rameters. The chosen parameters for the sensitivity analysis are 𝜁 ,
𝜒 , CNT conductivity (𝜎𝐶𝑁𝑇 ) and bundle aspect ratio (𝜇𝑒). Results ofthe sensitivity analysis are presented in Fig. 10, where we show thecomponent 𝜎11 of the effective electrical conductivity (𝜎𝐿𝐶𝑁𝑇 = 𝜎𝑇𝐶𝑁𝑇 =
𝜎𝐶𝑁𝑇 ). We use the same values for 𝑑𝑐 and 𝜆 as in Section 4.2. We use theelectrical conductivity of an HDPE matrix, i.e., 𝜎𝑀 = 10−13 S/cm [58].CNT geometries used are the same as that of CNTs reported in Section 2.In Fig. 10a, we present the effective electrical conductivity fordifferent values of (𝜁, 𝜒) pairs. For the curve where 𝜁 > 𝜒 , electricalconductivity is lower and percolation threshold is larger than that forhomogeneous distribution (i.e., when 𝜁 = 𝜒 = 0). This implies thepresence of CNT agglomerates as they reduce the probability of forminga percolated network [2]. However, it has been reported that agglom-eration may result in increased electrical conductivity [17,59,60]. Insuch cases it is likely that the agglomerations actually form a segregatedstructure (e.g., compare Figure 2 in [59] with Figure 2a in [15]). Forthe curves in Fig. 10a where 𝜁 < 𝜒 , electrical conductivity is alwayshigher compared to the curve for homogeneous distribution. It is alsoobserved that percolation starts at lower volume fractions. This impliessegregation since CNTs are closer to each other inside a smaller volume(i.e., the dispersed matrix), which results in effectively increasing theCNT content in the dispersed matrix above the percolation thresholdof homogeneously dispersed CNTs. This result can also be observedfrom Eq. (26), where clearly 𝜙𝑑 > 𝜙 when 𝜁 < 𝜒 . This result also impliesthat the effective percolation threshold of the composite is reduced.
In Fig. 10b, we present the effect of CNT conductivity, 𝜎𝐶𝑁𝑇 , onthe conductivity of composites. In Fig. 10b, solid lines correspond toa segregated state (𝜁 = 0, 𝜒 = 0.75) while dashed lines correspondto an state with CNT agglomerates (𝜁 = 0.75, 𝜒 = 0.25). In bothsegregated and agglomerated states increasing or decreasing the CNTconductivity results in an increase or decrease in the effective electricalconductivity, respectively. The main effect of varying 𝜎𝐶𝑁𝑇 is to movethe electrical conductivity curve up or down as 𝜎𝐶𝑁𝑇 increases or de-creases, respectively. This is expected as the main contribution towardsthe composite’s conductivity comes from the CNTs.In Fig. 10c, we present the effect of bundle aspect ratio, 𝜇𝑒. Againwe present results for segregated (𝜁 = 0, 𝜒 = 0.75) and agglomeratedstates (𝜁 = 0.75, 𝜒 = 0.25) with solid and dashed lines, respectively. Weobserve that the bundle aspect ratio has no effect on the conductivityof the composite with segregation. In contrast, we observe that as theaspect ratio of bundles is decreased, the conductivity of compositeswith agglomeration also decreases. We also observe that for 𝜇𝑒 > 1there is no noticeable change in conductivity for segregated and ag-glomerated composites. We note that García-Macías et al. [32] observedchanges in electrical conductivity for 𝜇𝑒 > 1. However, this is likely tohappen due to two differences with the composites they studied. First,the differences in conductivity between matrix and nanofillers are farlarger in our study. Second, we assume no percolation in the bundleswhile García-Macías et al. [32] use definitions of 𝜁 and 𝜒 that implyhomogeneous distribution of CNTs in bundles (see Section 3.2) allowingthem to percolate. Thus, in our model, the contribution of bundles isfar lower, which explains their limited effect on the conductivity of thenanocomposite.
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5. Conclusions
We in-house nanoengineered filament feedstocks and successfullyfabricated electrically conductive PLA/CNT and HDPE/CNT compositesvia FFF additive manufacturing. Electrical conductivity of 3D printedPNCs was measured. We developed a micromechanics-based model forpredicting electrical conductivity of PNCs that exhibit agglomerationand segregation of CNTs. By adding a new perspective to a two-parameter agglomeration model, we demonstrated that the model cancapture the effect of CNT segregation on electrical conductivity. Wepresented a full description of the two agglomeration parameters andshowed a wide range of microstructures that can be captured withthis model. Furthermore, a good agreement between electrical con-ductivity measurements and predictions, demonstrates the robustnessof our agglomeration and segregation model. These results also high-light the capabilities of our model in obtaining information regardingPNC’s microstructure, e.g., whether there is agglomerated or segregatedCNT dispersion. We further validated our model with conductivitymeasurements reported in the literature, demonstrating its utility incapturing the electro-conductive characteristics of both thermoplasticand elastomeric PNCs.
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